Abstract ATP, ADP, UTP, and UDP acting as ligands of specific P2Y receptors activate intracellular signaling cascades to regulate a variety of cellular processes, including proliferation, migration, differentiation, and cell death. Contrary to a widely held opinion, we show here that nucleoside 5′-Omonophosphorothioate analogs, containing a sulfur atom in a place of one nonbridging oxygen atom in a phosphate group, act as ligands for selected P2Y subtypes. We pay particular attention to the unique activity of thymidine 5′-Omonophosphorothioate (TMPS) which acts as a specific partial agonist of the P2Y6 receptor (P2Y6R). We also collected evidence for the involvement of the P2Y6 receptor in human epithelial adenocarcinoma cell line (HeLa) cell migration induced by thymidine 5′-O-monophosphorothioate analog. The stimulatory effect of TMPS was abolished by siRNAmediated P2Y6 knockdown and diisothiocyanate derivative MRS 2578, a selective antagonist of the P2Y6R. Our results indicate for the first time that increased stability of thymidine 5′-O-monophosphorothioate as well as its affinity toward the P2Y6R may be responsible for some long-term effects mediated by this receptor.
Introduction
Purines and pyrimidines have widespread and specific extracellular signaling actions in the regulation of a variety of functions in many tissues acting as ligands of specific P2 receptors. The P2X family consists of seven subtypes (P2X1-7), all forming channels by assembly of subunits of the same (homo-oligomers) or different (hetero-oligomers) subtypes [1] . G-protein-coupled P2Y receptors (P2YRs) are subdivided into P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14 that have different binding affinities for each nucleotide. P2Y1, P2Y12, and P2Y13 are preferentially activated by ADP whereas P2Y6 is activated by UDP [2, 3] . The P2Y11 receptor prefers ATP as an agonist whereas P2Y2 responds to both ATP and UTP. UTP is the endogenous P2Y4 agonist while ATP antagonizes the human homolog of this receptor and activates the rat homolog [4, 5] . The P2Y14 receptor is activated by the nucleotide sugar conjugate (UDP-glucose) [6] .
There is a growing interest in the long-term trophic influence of extracellular nucleotides on cell growth, proliferation, and death. Ligands of the P2YRs are of potential interest for pharmacotherapies directed at neurodegenerative disorders, intestinal function, angiogenesis, cardiac remodeling, etc. Naturally occurring nucleotides including ATP, ADP, UTP, and UDP induce P2Y-mediated mitogenic effects in endothelial cells [7, 8] , vascular smooth muscle cells [9, 10] , fibroblasts [11, 12] , glial and neuronal cells [13] , epithelial cell lines [14] , as well as HeLa human cervix carcinoma cells [15] . In our previous studies, we have shown that phosphorothioate analogs of deoxyribonucleoside 5′-O-monophosphates and ribonucleoside 5′-O-monophosphates ( Fig. 1) , containing a sulfur atom in a place of one nonbridging oxygen atom in a phosphate group, not only demonstrated significant resistance to enzymatic hydrolysis but also induced an increased viability of HUVEC and leukemia HL-60 cells. The highest proliferative effect was caused by thymidine 5′-O-monophosphorothioate (TMPS). According to our findings, the influence of extracellular nucleotides and their phosphorothioate analogs depended on the activity of the ecto-5′-nucleotidase present at the cell surface. However, ectonucleotidase activity did not seem to be the only mechanism responsible for the biological activity of these compounds [16] .
This study was initiated to identify the P2Y receptor subtype involved in TMPS-induced signaling. We tested a series of pyrimidine nucleotides and their phosphorothioate analogs and revealed that besides stimulation of cellular viability, pyrimidine nucleoside 5′-O-monophosphorothioates are able to potentiate migratory potency of the cervical epithelial carcinoma HeLa cells, representing the Bwork horse^of many cell biology laboratories. Since it was shown that UDP induced intestinal epithelial migration via the P2Y6 receptor [17] , we aimed to investigate the possible modulation of the P2Y6 receptor by pyrimidine nucleoside 5′-Omonophosphorothioates as well. We adopted in vitro scratch wound assay linked to specific inhibition of P2Y6 gene expression by small interfering RNAs and diisothiocyanate derivative MRS 2578, which is a selective antagonist of the P2Y6R. Agonist activities of thymidine and uridine 5′-monophosphorothioates were confirmed in 1321N1 cells expressing the human P2Y6 receptor.
Materials and methods

Tested compounds
Nucleotides and their phosphorothioate analogs were purchased from the following sources: UDP, UTP, and UMP from Sigma-Aldrich (Saint Louis, MO, USA) and UDPβS, TMPS, UMPS, and AMPS from BioLog (Bremen, Germany). The P2Y6 receptor-selective antagonist MRS 2578 [18] was provided by Sigma-Aldrich and dissolved in DMSO (5 mM).
HeLa cell culture
The cervical epithelial carcinoma HeLa cell line was purchased from the American Type Cell Collection (ATCC). Cells were cultured in RPMI 1640 supplemented with 10 % fetal bovine serum (FBS) containing 100 IU/ml penicillin and 100 μg/ml streptomycin. All reagents for cell culture were obtained from Life Technologies (Carlsbad, CA, USA). Cells were incubated at 37°C in a humidified atmosphere of 95 % air and 5 % CO 2 .
Cell viability assay
HeLa cells were seeded into 96-well plates in the number of 5 × 10 3 per well in complete medium. After 24 h of incubation, the cells were starved for another 24 h in the culture medium without serum. Subsequently, the fasting medium in each well was supplemented with a respective nucleotide added to a final concentration of 100 μM. HeLa cells were incubated in the presence of investigated compounds for either 24 or 48 h. Following incubation, 10 μl of PrestoBlue cell viability reagent (Life Technologies, Van Allen Way, CA, USA), a resazurin-based solution, was added into each well and incubated further for 80 min at 37°C and 5 % CO 2 . Cell viability was determined by measuring the fluorescent signal F 530/590 on a Synergy 2 Microplate Reader (Bio-Rad, CA, USA). The obtained fluorescence magnitudes were used to calculate cell viability expressed as a percent of the viability of the untreated control cells.
RNA isolation and reverse transcription-qPCR analysis
Total RNA was extracted from HeLa cell culture using the RNeasy ® Mini Kit (QIAGEN, Venlo, Netherlands) and purified with Amplification Grade DNase I (Sigma-Aldrich). RNA samples were reverse-transcribed with RT2 First Strand Kit (SABioscences, Frederick, MD, USA). Primers were designed using the NCBI's Primer-BLAST software (National Center for Biotechnology Information) based on receptors' sequences from the GenBank database and purchased from Genomed (Warsaw, Poland). The sequences of specific primers were as follows: P2Y6 5′-ATGCCTGCTCCCTGCCCCTG-3′ (forward) and 5′-GGCGAAGTCGCCAAAGGGCC-3′ ( r e v e r s e ) ( N M 1 7 6 7 9 8 ) ; 
siRNA transfection
HeLa cells were seeded into 24-well plates in the number of 4 × 10 4 per well to achieve a confluency of 70-80 % on the day of transfection. After 24 h of incubation, the complete medium was exchanged into complete one but without antibiotics. The P2Y6 siRNA or nontargeting siRNA (Dharmacon, Sweden) at a final concentration of 125 nM was incubated with DharmaFECT tranfection reagent (Thermo Scientific, USA) in RPMI 1640 at room temperature for 20 min to form complexes, and then added to the cells. Forty-eight hours later, RNA was isolated and the efficacy of transfection was confirmed by RT-qPCR and electrophoresis.
Scratch wound migration studies after siRNA-mediated knockdown
At 48 h posttransfection, HeLa cells were washed with PBS and stayed starved for another 24 h in the RPMI 1640 medium without serum. Subsequently, a straight scratch line was made on cells monolayer with a 200-μL pipette tip. Cells were washed with PBS and further cultured in RPMI 1640 medium in the presence of tested nucleotides added to a final concentration of 100 μM. Wound closure was measured and recorded immediately, 24 and 48 h after wounding at the same spot with an inverted microscope equipped with a digital camera (Nikon, Eclipse TS100) and then compared to the initial gap size at 0 h. The extent of healing was defined as the ratio of the difference between the original and the remaining wound areas compared with the original wound area and calculated according to the following formula: Percent increase in migration [%] = 100 × [(area of stimulated sample at the beginning − area of stimulated sample after incubation) − (area at the beginning in control − area after incubation in control)] / (area at the beginning in control − area after incubation in control).
Scratch wound migration studies after pretreatment with MRS 2578
HeLa cells were seeded into 24-well plates in the number of 4 × 10 4 per well in complete medium. After 24 h of incubation, the cells were starved for another 24 h in the culture medium without serum. Subsequently, a straight scratch line was made on cell monolayer with a 200-μL pipette tip and MRS 2578 (37 nM) was added 60 min prior to the addition of tested nucleotides (100 μM). Wound closure was measured as described above.
Calcium mobilization assay in mammalian cells stably expressing individual P2Y receptors
Cell-based assays for activation of P2Y receptors were performed by GenScript Corporation (Piscataway, NJ, USA) and Multispan Inc. (Hayward, CA, USA). Briefly, in the case of GenScript Co., 1321N1 cells expressing human P2Y1-P2Y12 receptors were seeded in a 384-well blackwall, clear-bottom plate at a density of 20,000 cells per well in 20 μL of growth medium,18 h prior to the time of experiment. Then, dye-loading solution (FLIPR ® Calcium 4 assay kit, Molecular Devices Sunnyvale, CA, USA) was added into the well and the plate was placed in a 37°C incubator for 60 min, followed by 15-min stay at room temperature. TMPS or control agonists were added to the reading plate 20 s after starting the measurement, and the fluorescence signal was monitored for additional 100 s (from 21 to 120 s). In the case of Multispan Inc., 1321N1 cells expressing human P2Y6, P2Y11, P2Y13, and HEK293T cells with stable expression of P2Y14, the cells were seeded in 384-well black-wall, clear-bottom plates. Ca 2+ flux assays were conducted after overnight culture according to the manufacturer's protocol using Screen Quest ™ Fluo-8 No Wash kit (AAT Bioquest, Sunnyvale, CA, USA). Dye loading buffer was added to the cells and incubated for 60 min at 37°C. Calcium flux was monitored for 90 s after compound's application. The relative fluorescent unit intensity values (ΔRFU) were calculated from maximal fluorescence reading after subtracting the average value of baseline reading.
The percentage of activation by a given compound was calculated from the following equation: In control experiments, 5′-Omononucleotides and their phosphorothioate analogs were incubated in 10 % FBS-supplemented medium or in the cell culture medium from which cells were removed after 72-h incubation. These experiments have been carried out to show that ecto-5′-NT activity responsible for mononucleotide dephosphorylation is cell-associated and that this activity is neither present in serum nor released from cells into medium.
Statistical analysis
Experiments were performed in a minimum of triplicate. All data are expressed as the mean ± SD. Assays involving treatment with a single compound were analyzed using a twotailed unpaired Student's t test. Assays using more than one drug were analyzed by two-way ANOVA with Bonferroni posttest. Statistical significance was determined P value less than 0.05. Differences between groups were rated significant at a probability error P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).
Results
The effect of extracellular nucleotides on HeLa viability
We first examined the effects of a series of pyrimidine nucleotides and their phosphorothioate analogs on HeLa cell growth using a rezasurin-based PrestoBlue cell viability reagent. We compared the effect of the natural uridylic family UTP, UDP, and UMP. Since UTP can be catabolized by ectonucleotidases into UDP and UDP can be converted into UTP by extracellular ectonucleotide diphosphokinase [19] , we also employed nondegradable uridine 5′-O-(2-thiodiphosphate) (UDPβS) that previously was shown to be a specific agonist for P2Y6 receptor [20] . Additionally, we utilized pyrimidine nucleoside 5′-O-monophosphorothioates (UMPS, TMPS) serving as prime subjects of this research. Finally, we also tested adenosine 5′-O-monophosphorothioate (AMPS) as a purine nucleotide control. The results showed that in most cases, neither cytotoxic nor stimulating effect of nucleotides used at a concentration of 100 μM was observed. After 24 h of incubation, only unmodified uridine monophosphate decreased the number of viable cells, while after 48 h, UDP, UDPβS, TMPS, UMPS, and AMPS slightly induced cell growth (Fig. 2) . Fig. 2 The effect of nucleotides and their phosphorothioate analogs on the viability of HeLa cells. Viability was assessed using PrestoBlue kit for 100 μM concentrations of tested compounds after 24 h (a) and 48 h (b) of incubation. Data represent the means ± SD from at least three independent experiments; *P < 0.05, **P < 0.01 versus unstimulated control cells (100 %); n = 6
The effect of extracellular nucleotides on HeLa migration
Our data indicated that pyrimidine nucleotides had no obvious effect on the HeLa viability. Thus, we further examined if tested compounds regulated the migratory potency of these cells with scratch wound migration assay. Recent data suggest that UDP plays a key role in promoting the migration of intestinal epithelium via activation of P2Y6 receptors [17] . [23] .
Among the nucleotides exogenously applied to the cells in our studies (UDP, UTP, UMP, UDPβS, TMPS, UMPS) at a concentration of 100 μM, only AMPS did not enhance HeLa cell migration significantly. Interestingly, all pyrimidine 5′-Omonophosphorothioates tested accelerated cell migration at a similar degree to UDP and UDPβS at 24 h. At 48 h, TMPS enhanced the migration more effectively than UMPS (Figs. 3b and 4b) . At least three receptors, P2Y2, P2Y4, and P2Y6, are known to respond to pyrimidine nucleotides and could mediate the HeLa migration induced by pyrimidine 5′-O-monophosphorothioates. Among those three receptors, activation of P2Y6 seemed be the most probable because UDPβS was previously shown to be a specific agonist for P2Y6 receptors with no effect on P2Y2 and P2Y4 [20] . Besides, it was shown that UDP induced intestinal epithelial migration via the P2Y6 receptor [17] . Thus, we examined next whether the enhancement of HeLa migration by TMPS and UMPS was specifically mediated via the P2Y6 receptor using knockdown by siRNA. P2Y6 siRNA as well as nontargeting siRNA were transfected into HeLa cells. Using RT-qPCR, we first showed that P2Y6 siRNA but not vehicle siRNA significantly reduced the P2Y6 mRNA amount in HeLa cells (Supplementary materials). The P2Y6 siRNA treatment significantly diminished the maximum effect of UDP and TMPS as compared with vehicle control (Fig. 3a,  b) . The stimulatory effect of UTP was also abolished by P2Y6 siRNA, suggesting that this effect depends on its conversion into UDP and activation of P2Y6 receptors. Treatment of HeLa cells with UDPβS and UMPS after P2Y6 siRNA transfection was also diminished but not enough to achieve statistical significance. In the case of those two nucleotides, P2Y6R might be not the only receptor target involved in induced migration.
To examine the role of P2Y6 receptors, we also used M R S 2 5 7 8 ( N , N ″ -1 , 4 -b u t a n e d i y l b i s [ N ′ -( 3 -isothiocyanatophenyl)thiourea), a potent P2Y6 antagonist with IC 50 values of 37 and 98 nM at human and rat P2Y6 receptors, respectively [18] . One-hour preincubation with MRS 2578 blocked UDP-, UTP-, and TMPS-mediated migratory responses of HeLa cells (Fig. 4a, b) . Similarly to siRNAmediated P2Y6 knockdown, MRS 2578 did not block UDPβS-and UMPS-mediated migration. The lack of significant inhibition in the case of UDPβS that was previously demonstrated as a specific agonist for P2Y6 receptor [20] may result from activation of additional P2Y receptors. Indeed, UDPβS (EC 50 = 26 ± 11 nM) was also potent agonists at the P2Y14R [24] . The results clearly suggest that thymidine 5′-Omonophosphorothioate plays a key role in promoting the migration of HeLa cells via activation of the P2Y6 receptor.
Calcium mobilization assay in mammalian cells stably expressing individual P2Y receptors
To confirm unambiguously the activation of the P2Y6 by pyrimidine 5′-O-monophosphorothioates, we decided to test an agonist activity of the most active inducer of HeLa cell migration, namely TMPS, using mammalian cells expressing human individual P2Y receptors (P2Y1-P2Y14). Cells were probed with thymidine 5′-O-monophosphorothioate in a dosedependent manner ranging from 1.0 to 1000 μM. We found that TMPS behaved as an agonist of the human P2Y6 receptor but it did not show stimulatory activity on the other P2Y receptor tested even at the highest concentration tested (Supplementary material Table 1 ). Thus, introduction of a thio modification in a phosphate group of TMP afforded TMPS with enhanced selectivity toward P2Y6R versus other P2Y receptors. At a concentration of 1 mM, TMPS displayed significant P2Y6R agonist activity with a maximal response corresponding to 49.8 ± 9.3 % of the response induced by UDP at 1.0 μM. According to those data, we then compared agonist activities of UMPS, AMPS, and UMP at the P2Y6 receptor. UMPS appeared to be even more potent than TMPS showing dose-dependent agonist activity (Table 1) . For example, at a concentration of 10 μM, the effect of UMPS represented 61.9 ± 17.4 % of the maximal UDP response used at a concentration of 1.0 μM. However, uridine 5′-O-monophosphorothioate, unlike TMPS, also elicited a calcium response in HEK293T cells with stable expression of P2Y14R. It was event more potent as a P2Y14 agonist because at a concentration of 10 μM, the response corresponded to 80.7 ± 12.9 % of the maximal UDP-glucose response used at a concentration of 10.0 μM. The lack of UMPS specificity is similar to UDP that was reported to activate not only P2Y6R but also P2Y14R [24] . For comparison, UMP that was reported previously to be inactive against P2Y2, P2Y4, and P2Y6 receptors [25, 26] did not show any activity in our studies. Similarly, AMPS appeared to be Fig. 3 The effect of nucleotides and their phosphorothioate analogs on the migration of control HeLa cells and cells with P2Y6 knockdown (siRNA). After creating a scratch, tested nucleotides were added to a final concentration of 100 μM. Area of wound was measured after 24 h (a) and 48 h (b), and the extent of healing was calculated as the percent increase of cellular migration. Data represent the means ± SD; *P < 0.05, ****P < 0.0001 when compared to siRNA transfected cells; #P < 0.05, ##P < 0.01 when compared to unstimulated control cells (100 %); NS nonsignificant when compared to control cells; n = 5 inactive as a P2Y6 agonist confirming our hypothesis on the involvement of the P2Y6 receptor in the pyrimidine 5′-Omonophosphorothioates-mediated signaling leading to HeLa cell migration.
Chromatographic analysis of extracellular catabolism of nucleotides
In the present studies, we also performed HPLC analysis to compare the stability of uridine monophosphates, diphosphates, and triphosphates, as well as UMPS, TMPS, and UDPβS in HeLa cell cultures. HeLa cells growing in RPMI 1640 medium supplemented with 10 % FBS were incubated with those compounds for 72 h, and the resultant media supernatants were analyzed by HPLC. This analysis revealed that UDP, UTP, and UMP were almost completely dephosphorylated to the corresponding nucleosides during a 8-h incubation time (Fig. 5a ). Among the nucleotides studied, only uridine 5′-O-(2-thiodiphosphate) was not hydrolyzed in HeLa cells during 72 h, confirming that nucleoside 5′-O-(2-thiodiphosphates) are resistant to nucleotide pyrophosphatase and NTPdiphosphohydrolases family due to aforementioned preferences of nucleotide pyrophosphatase to the α and γ phosphorus atoms [27] .
We previously demonstrated that TMPS was more effectively dephosphorylated by the ecto-5′-nucleotidase (ecto-5′-NT) from HeLa cells than deoxyadenosine 5′-Omonophosphorothioate and deoxyguanosine 5′-Omonophosphorothioate [16] . Here, we show that under the same conditions ecto-5′-NT from HeLa cells dephosphorylated UMPS completely (Fig. 5a) . It is the first observation that ecto-5′-nucleotidase is able to recognize and hydrolyze also uridine-5′-monophosphorothioates. Among nucleoside-5′-phosphorothioates UMPS seems to be a substrate better than TMPS. Analysis of the control samples revealed that after a 72-h incubation, approximately only 30 % of UMP was converted to the corresponding nucleosides by serum enzymes in RPMI medium containing 10 % FBS. Its 5′-phosphorothioate analog appeared completely stable (Fig. 5b) . Thus, degradation of nucleotides and their analogs is mainly connected with the presence of cellular enzymes.
Discussion
The P2Y6 receptor is widely distributed in the human body and ligands of P2Y6R are of potential interest for pharmacotherapies. Activation of P2Y6R by its native ligand UDP or by synthetic agonists is associated with vasoconstriction and cytoprotection. Cytoprotective role of the P2Y6 receptor was demonstrated by its implication in protection against apoptosis induced by the tumor necrosis factor α in astrocytes and skeletal muscle [28] , protection against skeletal muscle ischemia/reperfusion injury in in vivo mouse hindlimb model [29] , and the enhancement of osteoclast survival through NF-κB activation [30] . P2Y6-mediated phagocytosis in microglial cells was also discovered, suggesting the possible application of P2Y6R ligands for the treatment of neurodegenerative conditions [31] . P2Y6R seems to control chloride secretion by epithelium [32] , the direct contraction and endothelium-dependent relaxation of the aorta [33] , and insulin secretion [34] as well. UDP applied topically to the rabbit cornea reduced intraocular pressure, suggesting the use of P2Y6 receptor agonists for the treatment of ocular hypertension and glaucoma [35] . Finally, P2Y6R could be a novel mediator in upregulating innate immune response against the invaded pathogens through recruiting monocytes/ macrophages [36] . Pharmacological modulation of the P2Y6 receptor is of increasing interest; nevertheless, UDP as a natural ligand was reported to activate not only P2Y6R but also P2Y14R. Therefore, agonists that delineate between these two subtypes are needed [24] .
In comparison with ATP, ADP, UTP, and UDP, nucleoside 5′-O-monophosphates are thought to have no agonist activity for the nucleotide receptors. UMP has been reported to be inactive against P2Y2, P2Y4, and P2Y6 receptors, similarly to AMP being inactive against ATP-or ADP-activated P2 receptor subtypes [25, 26] . However, substitution of a 2-keto group in UMP by NH (iso-CMP) resulted in the potent and selective P2Y4 agonist, >20-fold selective vs P2Y2 and P2Y6 [37] whereas introducing a bromine atom into 5 position of UMP enhanced its potency toward P2Y6 [38] . AMP derivatives, e.g., 2-hexylthio-AMP, 2-hexynyl-AMP, or 2-phenylethynyl-AMP, were reported to act as P2Y agonist/ antagonists [39, 40] . Finally, derivatization of a phosphate group in adenosine-5′-O-phosphorothioate was shown to create a partial agonist of P2Y11 receptor. At a concentration of . Data represent the average ± SD of at least triplicate determinations NE no effect *P < 0.05 test 300 μM, the effect of AMPS represented 63 ± 16 % of the ATP response [41] . AMPS was also found to inhibit ATPinduced cyclic AMP production in undifferentiated human promyelocytic HL60 cells [42] . The P2Y6 receptor is highly selective for 5′-diphosphate derivatives. Thus, UMP, 2′-deoxyuridine 3′,5′-bisphosphate, a cyclic 3′,5′-diphosphate analog, and a uridine 3′-diphosphate derivative are inactive as either agonists or antagonists [43] . Among phosphorothioate analogs of pyrimidine nucleotides, only UDPβS was found to be a potent agonist of P2Y6 receptor. UDPβS and UDP stimulated [ [20] . In other studies, UDPβS (EC 50 = 47 nM) was even more potent than UDP (EC 50 = 300 nM) [43] . Our results show that pyrimidine nucleoside 5′-O-monophosphorothioates can also act as P2Y6 agonists, albeit less potent than uridine 5′-O-(2-thiodiphosphate) in the capacity to activate the human recombinant P2Y6R stably expressed in 1321 N1 cells. Although TMPS and UMPS are weaker agonists than UDPβS, their P2Y6-mediated stimulation of HeLa cell migration is comparable with the effect generated by UDPβS. Our results indicate that increased stability of UMPS and TMPS as well as their affinity toward the P2Y6 receptor may be responsible for some long-term effects mediated by this receptor. Interestingly, the P2Y6 receptor appeared to be the only one responsive to thymidine 5′-monophosphorothioate among the P2Y family and TMPS acted as its partial agonist. Uridine 5′-Omonophosphorothioate appeared to be more potent; however, we also observed activation of P2Y14R suggesting the lack of specificity in the case of UMPS. Unmodified UMP nucleotide r e m a i n e d i n a c t i v e s i m i l a r t o a d e n o s i n e 5 ′ -Omonophosphorothioate. These results indicate that a phosphorothioate group of pyrimidine nucleoside 5′ -Omonophosphorothioates plays a crucial role in activation of P2Y6 receptor. One can suppose that this effect results not only from greater resistance of phosphorothioate 46tested but also from properties of sulfur atom and the binding pocket of the P2Y6 receptor.
Recently, the structure-activity relationship of P2Y6 agonists and antagonists has been extensively investigated [38, [44] [45] [46] [47] . Constanzi et al. proposed that nucleotides bind to the P2Y6 receptor with the sugar moiety accommodated between TM3 and TM7, with the base pointing toward TM1 and TM2 and with the polyphosphate moiety pointing in the direction of TM6. According to this model, the phosphate moiety of UDP bound to the positively charged subpocket formed by three cationic amino acids from TM3, TM6, and TM7, namely R103(3.29), K259(6.55), and R287(7.39) [45] . Further modeling data suggested that the β-phosphate of UDP and related analogs is fundamental for the establishment of electrostatic interactions with two of the three cationic residues, namely, K259(6.55) and R287(7.39). Thus, UMP, which lack a β-phosphate linked through the 5′ position of ribose, was inactive at the P2Y6 receptor.
On the other hand, it is well known that the replacement of one of the two nonbridging oxygen atoms at the phosphate group by a sulfur atom introduces P-S bond (which is 0.5 Å longer than the corresponding P-O linkage) and changes charge distribution with localization of the negative charge on sulfur atom [48] . Consequently, the remaining oxygen atom is less negative and the P=O bond is shorter than that one in unmodified phosphate. These changes can influence metal ion binding and/or hydrogen bonding. Detailed analysis of complexes formed by divalent metal ions with uridine 5′-monophosphorothioate indicated that the sulfur of the phosphorothioate residue participated in the binding of zinc cations and the resulting complex is more stable than that one formed by unmodified uridine monophosphate [49] . In other words, the Bsoft^Zn 2+ ion binds preferentially the soft sulfur atom rather than the Bhard^oxygen atom. The zinc atom of the complex can also be coordinated by some amino acid residue(s) of the receptor binding pocket. According to suggestions of Major et al. [50] , in the case of P2Y1 receptor and ATP ligand, Asp 204 residue from EL2 can coordinates Mg ion bound to polyphosphate chain of ATP, and can indirectly bind the nucleotide molecule. However, to the best of our knowledge, no experiments have been done to identify a metal ion involved in the binding of P2Y ligands and, in our opinion, the participation of Zn 2+ ion in the binding of phosphorothioate analogs of the P2Y ligands cannot be excluded. Aspartate D179 from EL2 of the P2Y6 binding pocket corresponds to the Asp 204 of the P2Y1 and probably has the same function. Molecular modeling of human P2Y6R carried out by Costanzi et al. indicates that the electrostatic interaction of the phosphate moiety with three cationic residues from TM3, TM6, and TM7 (3.29, 6 .55, and 7.39) is fundamental for the recognition of nucleotides. However, aspartate D179 (EL2) seems to be repelled toward the extracellular space by the negative charge of the ligand [44] . In the case of the phosphorothioate analog of UDP, metal ion (possibly zinc) results in partial neutralization of the ligand negative charges and its proper alignment in the binding pocket of the receptor. Due to these effects, phosphorothioate analogs of uridine nucleotide could be bound by Asp 179 more tightly than the unmodified ligands. Indeed, UDPβS (EC 50 = 47 nM) was found to be 6-fold more potent than UDP in activation of the P2Y6 (EC 50 = 300 nM) in activation of the P2Y6 receptor [44] . Summarizing, higher affinity of phosphorothioate analogs of pyrimidine nucleotides to the P2Y6 receptor may be caused the presence of negatively charged, metal-ion-binding phosphorothioate group. Above arguments suggest an explanation of higher activity of UMPS in stimulation of HeLa cell migration than that observed for UMP. On the other hand, it was also revealed, that the 2′-OH group, although important in the stabilization of the ligand through an intramolecular H-bond with the 2-O, was not involved in crucial interactions with the receptor. Thus, 2′-deoxyUDP, although less potent than UDP, it maintained full agonistic activity at the P2Y6 receptor [46] , and thus, TMPS may also act as P2Y6 agonist although with lower potency than UMPS.
In conclusion, our studies reveal that pyrimidine nucleoside 5′-O-monophosphorothioates can act as agonists of the P2Y6 receptor. We pay particular attention to the unique activity of thymidine 5′-O-monophosphorothioate (TMPS) which acts as a specific partial agonist of the P2Y6R. The increased stability of UMPS and TMPS as compared to their unmodified counterparts as well as their affinity toward P2Y6R may be responsible for some long-term effects. UMPS is degraded by ecto-5′-NT more efficiently than TMPS on one hand, but on the other hand, it is a better P2Y6 agonist. In some circumstances, these properties could be very advantageous, especially for the induction of such long-term effects as cell proliferation, apoptosis, or cardioprotection. Very recently we have shown that nucleoside 5′-O-phosphorothioate analogs could serve as potential therapeutic agents for promoting impaired angiogenesis under diabetic conditions [51] . In the case of UMPS and TMPS, they could serve as P2Y6R agonists expected to be useful for the treatment of diseases such as neurodegeneration, diabetes or ocular hypertension, and glaucoma [30, 33, 34] . Biological activity of nucleoside 5′-O-monophosphorothioates should be also taken into consideration as yet sequence-specific effects RNA-based therapeutic technologies exploiting various oligonucleotides (e.g., RNA interference and antisense oligonucleotides) [52] .
